Spinach chloroplast phosphoribulokinase is inhibited by DL-glyceraldehyde. The inhibition is non-competitive with respect to ribulose 5-phosphate (Ki 19mM) and ATP (Ki 20mM). The inhibition is discussed in relation to a previously reported inhibition of CO2 assimilation in intact and envelope-free chloroplasts by DL-glyceraldehyde. It is concluded that the inhibition of phosphoribulokinase is insufficient to account for the inhibition, by DL-glyceraldehyde, of 02 evolution with ribose 5-phosphate as substrate and that a further site of inhibition is also present in this system.
glycylglycine buffer, pH7.4, in a total volume of 13 ml. The reaction was terminated by the addition of 2ml of 50% (w/v) trichloroacetic acid and the pH was adjusted to pH 8.0 with KOH. After the addition of Sml of 1.OM-barium acetate the solution was centrifuged and the precipitate discarded after washing with Sml of water. Cold ethanol (4vol.) was added to the combined supernatants (total volume 25.4ml); the new precipitate was recovered by centrifugation and dried in a desiccator in vacuo overnight. The product (1.45 g) contained 0.795 mmol of ribulose 5-phosphate when assayed by the carbazole method (see below). The Ba2+ salt was converted into the Na+ form by ion exchange on a Dowex-50 (Na+ form) column.
Sephadex was obtained from Pharmacia (G.B.) Ltd., London W5 SSS, U.K., and DEAE-cellulose from Whatman Ltd., Maidstone, Kent, U.K. Pyruvate kinase (ATP-pyruvate phosphotransferase, EC 2.7.1.40) from rabbit skeletal muscle (type II) and lactate dehydrogenase (L-lactate-NAD oxidoreductase EC 1.1.1.27) from rabbit skeletal muscle were obtained from Sigma. DL-Glyceraidehyde was purchased either from Sigma or from BDH Chemicals Ltd., Poole, Dorset BH12 4NN, U.K. All remaining reagents and biochemicals were purchased from Fisons Ltd., Loughborough, Leics., U.K., or from Boehringer Corp., Lewes, East Sussex BN7 1LG, U.K., and were of the highest purity available.
Assays
All enzyme assays were performed at 20°C, except that for catalase. An enzyme unit is defined as the amount of enzyme that converts substrate into product at a rate of lumol/min under the conditions of the assay. All of these conditions are as described here, except for catalase, where the manufacturers' assay was conducted at 250C and pH 7.0 and the enzyme was used in the reconstituted system at 20°C and pH7.9.
Phosphoribulokinase. Unless otherwise specified this was assayed by following changes in E340 in a reaction mixture containing 100lpmol of Tris/HCI, pH 8.0, 6,pmol of GSH, 0.14,umol of NADH, 6,umol of ATP, lOpmol of MgCl2, lOO,umol of KCI, 3,umol of phosphoenolpyruvate, 4.68 units of pyruvate kinase and 3.75 units of lactate dehydrogenase in a final volume of 1 ml. The reaction mixure was preincubated with the enzyme for 5 min at 20°C and the reaction was started by the addition of 0.8pumol of ribulose 5-phosphate.
Phosphoriboisomerase. This was assayed directly by following the increase in E290 (Wood, 1970) in a reaction mixture containing lOO1mol of Tris/HCI, pH8.0, and 10,umol of ribose 5-phosphate in a final volume of 1 ml. The reaction was started by the addition of enzyme. A millimolar extinction coefficient of 0.072 was assumed for ribulose 5-phosphate (Wood, 1970) .
Ribulose 5-phosphate. This was measured by the carbazole method. To 0.6ml of solution was added 6ml of H2SO4 (225 ml of conc. H2SO4 plus 95ml of water followed by 0.2ml of a 0.12% solution of carbazole in ethanol and 0.2ml of 1.5% (w/v) cysteine hydrochloride. The latter two components were added and mixed within 30s. After 30min at 37OC the Es40 was recorded. Fructose was used as standard.
Protein. This was measured by the Lowry method as modified by Bailey (1962) , after precipitation in 5% (w/v) trichloroacetic acid and resuspension in 5 % (w/v) NaOH. Bovine serum albumin, fraction V, previously dried in a desiccator, was used as standard.
Purification ofphosphoribulokinase Lavergne & Bismuth (1973) have described the preparation of spinach phosphoribulokinase free of contaminating phosphoriboisomerase, although they did not indicate the stage at which the separation was effected. The present procedure yields phosphoribulokinaseonlyslightly(2%.)contaminatedwithphosphoriboisomerase. All operations were performed at 0-50C unless otherwise specified. Spinach (1.5kg) was macerated in a Waring Blendor for I min with 2800ml of 2mM-triethanolamine buffer, pH8.5, containing lOmM-2-mercaptoethanol. The homogenate was filtered through two layers of muslin and centrifuged at 100OOg for 30min. The supernatant was adjusted to 30 % saturation with solid (NH4)2SO4 (16.4g/100ml) and the pH re-adjusted to pH 8.0 with KOH. After centrifugation (150OOg for 20min) the precipitate was discarded and solid (NH4)2SO4 (16.1 g/100ml) added to adjust the supernatant to 60 % saturation. After centrifugation (150OOg for 30min) the precipitate was resuspended in 60ml of homogenization buffer. Acetone (42.86ml/100ml) at -20°C was added to make the solution 30% (v/v) and the precipitate removed by centrifugation at -10°C for 15min at 10000g. The supernatant was made 50% (v/v) with respect to acetone by adding acetone (40ml/100 ml) at -20°C. After centrifugation (IOOOOg for 15 min at -20°C) the dark-brown precipitate was resuspended in 20ml of 0.1 M-Tris/HCl, pH 8.0, containing 10mM-EDTA and 1 mM-2-mercaptoethanol. The solution was adjusted to 55 % saturation with respect to (NH4)2SO4 by the addition of a saturated solution of (NH4)2SO4, pH 8.0. The precipitate was resuspended in the Tris/EDTA/ mercaptoethanol buffer and applied, to a Sephadex G-200 columni (100cm x 3.5 cm) previously equilibrated with 0.2M-Tris/HCI, pH8.0, containing 10mm-EDTA and 1 mM-2-mercaptoethanol. The protein was eluted with the Tris/EDTA/mercaptoethanol buffer at a flow rate of 7.7 mi/h and fractions (1.9ml) were collected. The phosphoribulokinase emerged slightly before the phosphoriboisomerase, but no clear separation could be effected. Fractions 95-112 were pooled and the solution was adjusted to 75% saturation by the addition of a saturated solution of (NH4)2SO4, pH8.0. The precipitate was collected by centrifugation at IOOOOg for 30mn and was then resuspended in 10ml of 50mM-Tris/HCI, pH7.4, containing 0.65mM-dithiothreitol. This was applied to a Sephadex G-25 column (45cmx 2.5 cm) equilibrated with the same buffer, and the S042--free protein fractions were pooled. The pooled protein was applied to a DEAE-cellulose column (30cmx 2.5 cm) previously equilibrated with 50mM-Tris/HCl, pH7.4, and eluted with a linear gradient (4000ml) of 0.02-0.2 M-KCI in the same buffer at a flow rate of 33ml/h. This procedure resulted in substantial separation of phosphoribulokinase activity from that of phosphoriboisomerase (Fig. 1 ). Fractions 74-85 were pooled and the resultant enzyme preparation was found to have a small (2 %) content of phosphoriboisomerase. Data for purification are given in Table 1 .
Reconstituted chloroplast system
The chloroplasts and stromal proteins were prepared as before (Stokes & Walker, 1972; , except that the chloroplast extract was concentrated by dialysis under reduced pressure (Sartorius membrane filter) against a solution containing: sorbitol, 33mM; EDTA, 0.2mM; MgC12, 5.1mM; MnCl2, 0.1mM; NaHCO3, 5mM; dithiothreitol, 1 mM; Hepes [2-(N-2-hydroxyethylpiperazin-N'-yl)ethanesulphonic acid], 5mM, pH7.6. Photosynthetic O°evolution was measured in twinchannel Clark-type oxygen electrodes (see Delieu & Walker, 1972) 
Chlorophyll
This was measured as described by Arnon (1949) .
Results
Inhibition studies with DL-glyceraldehyde
Solutions of DL-glyceraldehyde were prepared immediately before use. (The pH was not adjusted, because it was found that, even at 40mm, glyceraldehyde did not alter the pH of the reaction mixture.)
The link enzymes used in the phosphoribulokinase assay were shown to be present in sufficient concentration to be non-limiting and also to be unaffected by DL-glyceraldehyde up to the highest concentration used.
DL-Glyceraldehyde inhibits phosphoribulokinase in a non-competitive manner with respect to ribulose 5-phosphate, altering the V,.. but not the Km for ribulose 5-phosphate (Fig. 2) . The Km observed for ribulose 5-phosphate (2.22 x 104M) is the same as that observed by Hurwitz etal. (1955) . Replotting the slope of the Lineweaver-Burk plots from Fig. 2 against the concentration of DL-glyceraldehyde (Fig. 4 ) yields a K, value' of approx. 20mM-DLglyceraldehyde.
The inhibition observed by I)L-glyceraldehyde is also non-competitive with respect to ATP, altering the Vmax. but not the Km for ATP (Fig. 3) . The apparent Km for ATP observed in these experiments was 0.625mM, which is close to the value reported by Lavergne et al. (1974) . When the data from Fig. 3 are replotted as slope versus concentration of DLglyceraldehyde (Fig. 4) Experiments with the reconstituted chloroplast system
The reconstituted chloroplast system used by Stokes & Walker (1972) , which is essentiallya mixture of envelope-free chloroplasts, stromal protein and soluble coenzymes and co-factors, has been modified so that it will also support 02 evolution with fructose 6-phosphate and fructose 1,6-bisphosphate Table 2 . The 02 evolution associated with the reduction of added NADP+ was allowed to proceed to completion before the addition of 3-phosphoglycerate, and similarly the addition of fructose 6-phosphate was delayed until 02 evolution had again ceased. Ribose 5-phosphate was added after a further 3min. The results indicate a major block between fructose 6-phosphate and triose phosphate, a minor block between ribose 5-phosphate and triose phosphate and no effect of DL-glyceraldehyde on the reduction of NADP+ or 3-phosphoglycerate. Under these conditions the (maximal) rates -used in the computation of percentages were established after a few seconds and thereafter remained more or less constant for several minutes. The percentages quoted are based on results from chloroplasts isolated on 3 successive days but are characteristic of a larger number of experiments. ribulose bisphosphate. However, at 30mM-glyceraldehyde and low concentrations ofribose 5-phosphate (0.2umol) there was a marked inhibition from the outset (Table 2 ). This inhibition also 'progressed' (cf. Stokes & Walker, 1972) , i.e. 02 evolution started at 30-40% of the rate observed in the control but slowed progressively until it ceased entirely after about 3min illumination (Table 2) .
With fructose 6-phosphate, fructose bisphosphate, or mixtures containing these hexose phosphates and glyceraldehyde 3-phosphate, inhibition was virtually complete in the presence of only lOmM-DL-glyceraldehyde. For example, Table 3 shows the degree of inhibition observed in the presence of successive oxidants and substrates, and 02 evolution was only Vol. 153 completely suppressed when the reoxidation of NADPH depended on the presence of fructose 6-phosphate. Similarly, when mixtures containing 0.1 pmol of NADP+, 0.1,umol of 3-phosphoglycerate and 0.5 umol offructose 6-phosphate were illuminated in the presence and absence of IOmM-DL-glyceraldehyde the rates of 02 evolution were identical until approx. 0.1 pmol of 02 had been evolved (i.e. until the NADP+ and 3-phosphoglycerate had been reduced). This took approx. 1.5min; thereafter 02 evolution slowed in the presence of the inhibitor and ceased entirely after a further 3.5min. In all experiments of this nature, evolution could be fully restored by the further addition of 3-phosphoglycerate or ribulose bisphosphate.
Discussion
Photosynthesis by intact isolated chloroplasts is completely inhibited by 10mM-DL-glyceraldehyde. At this concentration the inhibitor is without effect on photosynthetic electron transport, photosynthetic phosphorylation, the carboxylation of ribulose 1,5-bisphosphate and the reduction of 3-phosphoglycerate (Stokes & Walker, 1972) . It is clear therefore that the site or sites of inhibition must be between glyceraldehyde 3-phosphate and ribulose bisphosphate. The participation of DL-glyceraldehyde in the reactions catalysed by aldolase (Tung et aL., 1954) and transketolase (Horecker et al., 1953; de la Haba et al., 1955) seemed to be the most likely possibilities (Stokes & Walker, 1972) , but the inhibition of reactions in which pentose monophosphates were utilized as substrates also suggested an effect on phosphoribulokinase (Stokes & Walker, 1972 photometric assays were necessarily somewhat different from those in the reconstituted system, and there are clearly limits to the extent to which results from one can be applied to the other. Nevertheless the extent of inhibition by DL-glyceraldehyde observed in the reconstituted system with ribose 5-phosphate as substrate (Tables 2 and 3) is consistent with a high K;, and Table 3 leaves little -doubt that formation of ribulose 5-phosphate is much more susceptible to inhibition by glyceraldehyde than is its utilization.
In an earlier report (Stokes & Walker, 1972 ) attention was drawn to the progressive nature of the inhibition with pentose phosphate as substrate and to the discrepancy between the inhibition of C02 fixation and the inhibition of C02-dependent 02 evolution in the reconstituted system. We now believe that inhibition of C02-dependent 02 evolution will only become apparent when the supply of phosphoglycerate from pentose phosphate is limiting and that this will only occur in the presence of low concentrations of pentose phosphate. The inhibition would become progressive if, for example, glycetaldehyde were to serve as a sink for glyceraldehyde units in the transketolase reactions (thus giving rise to free xylulose). Certainly there is little doubt that 02 evolution in the reconstituted chloroplast system with fructose 6-phosphate plus glyceraldehyde 3-phosphate as substrates is much more susceptible to inhibition by DL-glyceraldehyde than the corresponding process in which ribose 5-phosphate is the precursorof 3-phosphoglycerate. The 
